In enteropathogenic and enterohemorraghic Escherichia coli (EPEC and EHEC), two members of the SlyA family of transcriptional regulators have been identified as SlyA. Western blot analysis of the wild type and the corresponding hosA and slyA deletion mutants indicated that SlyA and HosA are distinct proteins whose expression is not interdependent. Of 27 different E. coli strains (EPEC, EHEC, enteroinvasive, enteroaggregative, uropathogenic, and commensal) examined, 14 were positive for both genes and proteins. To investigate hosA expression, a hosA::luxCDABE reporter gene fusion was constructed. hosA expression was significantly reduced in the hosA but not the slyA mutant and was influenced by temperature, salt, and pH. In contrast to SlyA, HosA did not activate the cryptic E. coli K-12 hemolysin ClyA. Mutation of hosA did not influence type III secretion, the regulation of the LEE1 and LEE4 operons, or the ability of E2348/69 to form attaching-andeffacing lesions on intestinal epithelial cells. HosA is, however, involved in the temperature-dependent positive control of motility on swim plates and regulates fliC expression and FliC protein levels. In electrophoretic mobility shift assays, purified HosA protein bound specifically to the fliC promoter, indicating that HosA directly modulates flagellin expression. While direct examination of flagellar structure and the motile behavior of individual hosA cells grown in broth culture at 30°C did not reveal any obvious differences, hosA mutants, unlike the wild type, clumped together, forming nonmotile aggregates which could account for the markedly reduced motility of the hosA mutant on swim plates at 30°C. We conclude that SlyA and HosA are independent transcriptional regulators that respond to different physicochemical cues to facilitate the environmental adaptation of E. coli.
The SlyA family of transcriptional regulator proteins is found in both bacteria and archaea, where they facilitate adaptation to a variety of different growth environments. To date more than 120 SlyA family proteins have been identified, including 16 homologues in Escherichia coli alone (34) . In Salmonella enterica serovar Typhimurium, slyA was initially presumed to encode a hemolytic virulence factor (salmolysin) which was required for survival in macrophages and for virulence in mice (15) . Subsequently, SlyA was reclassified as a positively acting transcriptional regulator capable of inducing the expression of a cryptic hemolysin in E. coli K-12 (16, 22) . Salmonella serovar Typhimurium slyA mutants exhibit altered survival in Tris-containing minimal medium as well as reduced production of flagellin and other outer membrane proteins, data which collectively suggest a role for SlyA in stationaryphase survival (28) . Similarly, in enteroinvasive E. coli (EIEC), SlyA regulates the expression of a number of genes required for resistance to heat and acid stress and is considered important for survival and/or replication within phagocytic cells (27) .
In other members of the Enterobacteriaceae, closely related SlyA family proteins regulate invasin, the primary invasion factor for both Yersinia enterocolitica and Yersinia pseudotuberculosis (RovA) (20, 23) ; the production of a carbapenem antibiotic and the red pigment prodigiosin in Serratia marcescens (Rap) (31) ; and exoenzymes, carbapenem, and virulence in the plant pathogen Erwinia carotovora (Hor) (31) . More distantly related proteins include MarR and EmrR (E. coli) (18) , which regulate genes involved in multiantibiotic resistance; PecS (Erwinia chrysanthemi), which controls plant cell wall-degrading exoenzymes (pectinases and cellulases) (24) ; and ScoC, a negative regulator of sporulation and exoprotease in Bacillus subtilis (13) .
This diverse group of SlyA homologues shares a common winged-helix DNA-binding motif (2, 34) . The overall protein structure is very similar, consisting of two domains, one for protein dimerization and one for DNA interaction. The DNAbinding domain includes two helices and several regions of ␤-sheet that associate to form a winged-helix structure, with an exposed wing region that contacts the DNA (2) . It is likely that sequence variability in this wing region accounts for differences in DNA sequence recognition and the variety of modes of DNA interactions observed within this family (34) .
Herbelin et al. (9) have shown that both enterohemorrhagic E. coli (EHEC) and enteropathogenic E. coli (EPEC) contain a novel 2.9-kb insertion sequence located at the 3Ј terminus of rpoS that is not present in K-12 or ECOR group A strains of E. coli. Within this region they identified several open reading frames, including one that was identified as slyA. The inference from this finding was that EHEC and EPEC contain two slyA genes (9, 10) . The first slyA gene, located at 36.7 to 37.1 min on the chromosome, is flanked by sodC and slyB, which code for a superoxide dismutase and an outer membrane lipoprotein, respectively. The second slyA-homologous gene, ECs3594 (GenBank accession no. AP002562), whose initial identification was based on an annotation of the rpoS-mutS region sequence from E. coli O157:H7, is located at 61.5 to 61.7 min, adjacent to rpoS (GenBank accession no. AJ006210) (9, 32) . This second gene was reported to be present in some EPEC strains but not in E. coli K-12 lineage strains. Heroven and Dersch (10) suggested that although the two slyA genes were related, they were sufficiently different to warrant the renaming of the slyA gene identified by Herbelin et al. (9) . Here we present data to show that this gene, which we have termed hosA (for homologue of slyA), is expressed in EPEC and other pathogenic E. coli strains and that, in contrast to SlyA, HosA is involved in the temperature-dependent control of swimming motility and cellular aggregation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. The bacterial strains and plasmids used in this study are detailed in Table 1 . L broth (LB) used in this study consisted of 1% (wt/vol) tryptone, 0.5% (wt/vol) yeast extract, and 0.5% (wt/vol) NaCl, unless otherwise indicated. Tryptone broth used for motility studies consisted of 1% (wt/vol) tryptone and 0.5% NaCl. Agar plates were solidified with Bacteriological Agar no. 1 (Oxoid) to 1.5% (wt/vol) for general use. One-percent (weight-to-volume) tryptone swim plates containing 0.5% (wt/vol) NaCl were solidified with 0.3% (wt/vol) Eiken agar (Tanabe Seiyaku Co. Ltd., Osaka, Japan). Minimal M9 medium (25) was used to select for E2348/69 and against auxotrophic E. coli strains. Antibiotic, 100 mM morpholinepropanesulfonic acid (MOPS), and isopropyl-␤-D-thiogalactopyranoside (IPTG) supplements were added as required. Unless otherwise stated, broth cultures were incubated in 50-ml disposable Falcon tubes at 37°C with shaking at 200 rpm.
DNA manipulations. Standard methods for the manipulation of DNA were followed (25) . A histidine tag was fused to the amino terminus of HosA by ligation of a PCR product into pPROEX-HT NcoI/Klenow/HindIII . hosA was amplified with primers HOSA7 (5Ј-GCGTTACGAAATAAAGCGTTCCATCAG-3Ј) and HOSA10 (5Ј-GACGTCAGCCGTAAGCTTCGTCTTAAC-3Ј), containing a HindIII restriction site (underlined), by using genomic E2348/69 DNA as a template. The resulting plasmid, pMJFA21 (Table 1) , contained hosA lacking the first ATG with an N-terminal six-histidine tag (HT) and an rTEV protease cleavage recognition site. An arabinose-inducible hosA plasmid was constructed by cloning a PCR product generated from E2348/69 genomic DNA by using primers HOSA7 and HOSA10 into pBAD24. This plasmid was named pMJFA12 (Table 1) . PCR was used to amplify slyA from E2348/69 by using primers SLYF (5Ј-CTTAGCAAGCGAATTCTAAGGAGATG-3Ј) and SLYR (5Ј-CCGCGCT AAATAAGCTTGCGTGTGGTC-3Ј). The product was cloned into pUC57/T to generate pII19. To obtain IPTG-controlled expression of SlyA, the slyA gene from pII19 was cloned as an EcoRI-HindIII fragment into ptrc99A to produce pII30. A luxCDABE reporter fusion to the hosA promoter was constructed by cloning a PCR product generated from E2348/69 genomic DNA by using primers HOSA8 (5Ј-GTAAACTCCGGGCAAACTATC-3Ј) and HOSA9 (5Ј-GGAAG GAATTCGAGATGGATGGTGCTAA-3Ј), containing an EcoRI site (underlined), into pSB377 (30, 33) digested with SmaI and EcoRI. The resulting plasmid was named pMJFA18 (Table 1) . Similarly, a fliCЈ::luxCDABE reporter gene fusion was constructed by cloning a PCR product generated from E2348/69 genomic DNA by using primers FLICP1 (5Ј-GTGGGAATTCTGGT GGTGCTGGTGGCG-3Ј), containing an EcoRI site (underlined), and FLICP2 (5Ј-GATTCGTTATCCTATATTGCAAGTC-3Ј) into pSB377 (30, 33) . The resulting plasmid was called pKB100 (Table 1) . The LEE1 and LEE4 luxCDABE reporter plasmids pMJFA22 and pHW100 (Table 1) were also constructed by cloning the LEE1 or LEE4 operon promoter region from E2348/69 into pSB377 as described above but using primers LEE101 (5Ј-CCTCGAATTCCCTTTTCA AGTTGCCTT-3Ј), containing an EcoRI site (underlined), and LEE102R (5Ј-T TAGCGACCTTATCCTTATC-3Ј) for LEE1 and primers LEE4-1 (5Ј-GTG AATTCGGTATCCAGAAGATCAAGAAGC-3Ј), containing an EcoRI site (underlined), and LEE4-2 (5Ј-GTGAATTCAAGTACTCGCATTCGCAC-3Ј) for LEE4 (30, 33) .
Disruption of hosA. Overlap extension PCR (11) was used to generate an in-frame deletion of hosA in E2348/69 to create the hosA mutant II150. Two PCR fragments were generated from the template genomic DNA with primer pairs HOSA1-HOSA2 (5Ј-CGAGATGGATGGTGCTAAGCGGCGTTT-3Ј and 5Ј-CTTGCGCACCAACTGCATCATGTAAACTCCGGGCAAACTA-3Ј) and HOSA3-HOSA4 (5Ј-ATGCAGTTGGTGCGCAAGATGATGAACACAT AG-3Ј and 5Ј-GACGTCAGCCGCATGCTT CGTCTTAAC-3Ј). (The SphI restriction enzyme site, used for cloning into the suicide vector pDM4 [ Table 1 ], is underlined. Complementary primer regions for overlap extension PCR are boldfaced.) The resulting products contained a 561-bp fragment containing the 5Ј end of hosA and a 524-bp fragment containing the 3Ј end of hosA, respectively. An 18-bp overlap in their sequences permitted amplification of a 1,067-bp product during a second PCR with primers HOSA1 and HOSA4. The resulting PCR product contained a deletion from nucleotides 4 to 375 of hosA, corresponding to HosA amino acid residues 2 to 126, and was cloned into pDM4 to create pMJFA10 (Table 1) . Conjugation from E. coli S17-1 pir was used to introduce pMJFA10 into E2348/69, and cells containing single-crossover events were isolated on minimal M9 agar containing chloramphenicol at 30 g/ml. Doublecrossover events were selected on LB-sucrose agar as described by Milton et al. (19) . Chloramphenicol-sensitive colonies were screened by PCR using primers HOSA5 and HOSA6 (5Ј-CGTGGTGGACAATGTCATCTAC-3Ј and 5Ј-CCC ATAAACTGGACCACGAACC-3Ј), which are external to hosA. A PCR product of 1,603 bp indicated that hosA was intact, and a product of 1,232 bp indicated a hosA deletion. The 1,232-bp product was sequenced to confirm the hosA deletion. An E2348/69 hosA slyA double-mutant strain, II151 (Table 1) , was constructed by introducing pMJFA10 into the slyA mutant II104 (Table 1 ) (to be described in detail elsewhere). The presence of both mutations in II151 was confirmed using PCR and DNA sequencing. Hemolysin release assays. Cell lysates were prepared from cultures grown in LB. Equal volumes of cell lysate were mixed with phosphate buffered saline (PBS), pH 7.4. An equal volume of washed sheep erythrocytes was added. After a 60-min incubation at 37°C, remaining whole cells were removed by centrifugation. The release of hemoglobin was measured at A 540 .
Swimming motility assays. Tryptone motility plates were inoculated from bacterial cultures grown overnight by using toothpicks. Plates were incubated at 37 and 30°C and at room temperature (22°C) for as long as 48 h, and the diameters of migration on at least two axes were measured. A more detailed analysis of swimming motility of individual bacterial cells was undertaken by using a Hobson Tracker (Hobson Vision Ltd., Baslow, Derbyshire, United Kingdom), which simultaneously tracks moving bacterial cells in real time in a microscope field of view. For these experiments, bacteria were grown in LB at 30°C with shaking overnight. A 1-in-1,000 dilution into prewarmed LB was made, and the cultures were incubated for a further 1 to 2 h at 30°C. Optical density (OD) was monitored, and at an OD at 600 nm (OD 600 ) of ϳ0.05 to 0.1, samples were taken for analysis. Ten microliters of sample was placed on a microscope slide and covered. Analysis of each slide was carried out for a maximum period of 30 s, with two sets of data from each coverslip. A minimum of 20 samples were taken from each culture, and two independent cultures were analyzed per Hobson Tracker experiment.
Bioluminescence assays. Expression of the lux-based reporter gene fusions was determined by measuring bioluminescence as a function of bacterial growth by using a combined, automated luminometer-spectrometer (the Anthos Labtech LUCY 1). Single bacterial colonies were resuspended in 100 l of LB and then diluted 10 3 -fold into the appropriate medium. Two hundred microliters of this suspension was pipetted into a Krystal 2000 96-well microplate (Thermo Life Sciences, Basingstoke, United Kingdom), which was placed inside the LUCY 1, and growth (measured as OD 495 ) and light emission were recorded for at least 17 h.
Preparation of secreted proteins. Bacteria from a 10-ml overnight LB culture were harvested by centrifugation for 7 min at 7,000 ϫ g and 24°C. The pellet was resuspended in 10 ml of fresh, prewarmed (37°C) LB or Dulbecco's modified Eagle medium (DMEM) broth. A 0.5-ml volume was used to inoculate a 10-ml culture of the same medium containing the appropriate levels of antibiotic and arabinose. Cultures were incubated for 3 h, a 1.5-ml aliquot was taken, and the OD 600 was recorded. Bacteria were pelleted in a microcentrifuge for 2 min, and either 1 ml or 65 l of supernatant was taken. Proteins were concentrated by trichloroacetic acid precipitation as described by Swift et al. (29) and were resuspended in 65 l of sterile distilled water.
Preparation of flagellar protein. Bacteria from 50 ml of culture were pelleted by centrifugation and resuspended in 5 ml of PBS. Flagella were removed from the cell by vortexing for 15 to 30 s using a vortex shearing device (http://www .nottingham.ac.uk/iii/Methods/Bacteria_and_Molecular/Flagellinpreparations2 .pdf). To remove intact bacterial cells, the resulting mixture was centrifuged twice at 10,000 ϫ g for 10 min at room temperature. To pellet the flagellin protein, the supernatant was centrifuged for 1 h at 50,000 ϫ g and 4°C, and the resulting pellet was resuspended in 100 l of sterile distilled water.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were separated by using either Tricine-SDS-16% polyacrylamide gels (Novex) or SDS-11.5% polyacrylamide gels. For Western blotting, proteins were transferred to a 0.2-m-pore-size nitrocellulose membrane (Protan; Schleicher & Schuell, London, United Kingdom) by electroblotting. Membranes were blocked for 1 h and probed overnight with the specified antibody. Rabbit polyclonal antibodies to the purified SlyA, HosA, and FliC proteins and to a mixture of EPEC secreted proteins were raised according to a standard protocol (8) and used at a 1:200 dilution. The primary antibody was visualized via a protein A-alkaline phosphatase conjugate (Sigma) detected by using 5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazolium (NBT) (Sigma).
A/E lesion formation on HT29 cells. The capacity of EPEC strains to form attaching-and-effacing (A/E) lesions on the human colorectal cell line HT29 (American Type Culture Collection, Manassas, Va.) was investigated as follows. Ten milliliters of LB overnight cultures of EPEC was pelleted and gently resuspended in 10 ml of fresh, prewarmed DMEM. A 0.5-ml volume of this suspension was added to 10 ml of prewarmed DMEM. Ampicillin at 50 g/ml was added where appropriate. Arabinose was added as 100 l of a 20% solution to give a final concentration of 0.2% where appropriate. Bacteria were grown for 3 h at 37°C with shaking at 200 rpm. Bacteria were diluted 1:1 with fresh prewarmed DMEM, and 1 ml was added to HT29 cells grown on coverslips in 3 ml of DMEM in a six-well tray. Ampicillin and arabinose were added as appropriate to maintain culture concentrations. After infection (3 h), nonadherent bacteria were removed by washing (three times, for 5 min each time) with PBS and cells were formaldehyde fixed (3% in PBS for 20 min). Cells were permeabilized with 0.1% (vol/vol) Triton X-100 in PBS for 20 min and were washed (twice, for 5 min each time) with PBS. Actin filaments were stained by flooding the coverslip surface with 5 g of phalloidin-fluorescein isothiocyanate (Sigma) ml Ϫ1 for 1 h. Coverslips were washed first with 0.1% (vol/vol) Triton X-100 in PBS (twice, for 5 min each time) and then with PBS (twice, for 5 min each time) and were mounted on glass slides for analysis. To quantify the proportion of HT29 cells carrying A/E lesions, at least 100 HT29 cells per coverslip were examined.
Purification of His-tagged HosA. E. coli DH5␣ harboring plasmid pMJFA21 (Table 1) was grown in LB supplemented with 100 g of carbenicillin/ml at 37°C to mid-log phase, IPTG (1 mM) was added to the culture, and incubation was continued for a further 2 h. Bacteria were harvested and resuspended in binding buffer (5 mM imidazole, 500 mM NaCl, 20 mM Tris-HCl [pH 7.9]) supplemented with 0.1% (vol/vol) Triton X-100. Cells were lysed by sonication, and after centrifugation, the soluble fraction was loaded onto a nickel-nitrilotriacetic acid His ⅐ Bind resin column (Novagen) equilibrated with binding buffer. The Histagged HosA protein (Ͼ98% purity) was recovered by eluting with binding buffer containing 250 mM imidazole. The protein concentration was estimated by using Bradford reagent (Sigma) with bovine serum albumin as a standard. Protein purity was assessed by SDS-PAGE.
Electrophoretic mobility shift assays (EMSA). A 494-bp DNA fragment containing the fliC promoter and upstream region was amplified by PCR using genomic DNA from E2348/69 as a template and primers FLICP1 and FLICP2. The fliC promoter DNA was labeled at 3Ј-OH ends by the addition of 0.5 U of Klenow enzyme and 50 M digoxigenin-labeled deoxynucleoside triphosphates. Ten nanograms of labeled DNA was incubated with increasing amounts of purified His-tagged HosA (from 0.2 to 5 M) for 5 min at room temperature in 10 mM Tris-HCl (pH 7.5) containing 50 mM KCl and 1 mM dithiothreitol. Prior to use, the HosA protein sample was dialyzed in incubation buffer. Lambda control DNA was prepared by PCR using primers Lambda1 (5Ј-GCGGAATT CAAACAGGTGCTGGGG-3Ј) and Lambda2R (5Ј-CCGCTCTAGACGGATG GAAACGCCTTA-3Ј). Samples were electrophoresed on precast 6% DNA retardation gels (Invitrogen) according to the manufacturer's instructions and were transferred to a nylon membrane. A 10 4 -fold dilution of alkaline phosphataseconjugated anti-digoxigenin (Roche) was used to detect the labeled DNA.
RESULTS
HosA and SlyA are distinct proteins. Amino acid sequence comparisons of SlyA and HosA from the archetypal EPEC strain E2348/69 suggest that HosA is a member of the MarRSlyA family of regulators (Fig. 1A) . Overall, HosA shares 24% identity and 47% similarity with SlyA, with 30% identity and 60% similarity over the region proposed to be involved in DNA binding. Interestingly, the similarity between SlyA and HosA increases to 68% over the region required to form the winged-helix fold, and the 5 amino acids that form the single wing region in SlyA, proposed to locate within the DNA groove, have 100% similarity with HosA. Furthermore, tertiary structural analysis using 3D-pssm (http://www.sbg.bio.ic.ac.uk/ ϳ3dpssm/) predicted that HosA would form a tertiary structure similar to those of E. coli MarR and Enterococcus faecalis SlyA (2, 34) .
To investigate the antigenic relationship between SlyA and HosA, the conservation of HosA, and the relative levels of the two transcriptional-regulator proteins, we used PCR to amplify both genes from E2348/69. The genes were then cloned into the overexpression vectors ptrc99A and pBAD24 to produce pII30 and pMJFA12, respectively, as described in Materials and Methods. Both proteins were purified from SDS-PAGE gels and used to raise rabbit monospecific polyclonal antibodies. These were used to probe Western blots of whole-cell lysates prepared from the parent EPEC strain, E2348/69, and from strains carrying slyA (II104) hosA (II150), or slyA hosA (II151) mutations, constructed as described in Materials and Methods. Figure 1B and C show that both proteins are expressed in the parent EPEC strain and that they are antigenically distinct. Antibodies raised against SlyA reacted only to a single 24-kDa protein present in the lysates prepared from E2348/69 and the hosA mutant (Fig. 1B) , while those raised against HosA recognized a 21-kDa protein in the parent and the slyA mutant only (Fig. 1C) . These data suggest that the absence of SlyA does not affect the expression of HosA or vice versa, indicating that their expression is not interdependent. Neither antibody recognized any proteins present in the lysate prepared from the double hosA slyA mutant (Fig. 1B and C,  lanes 2 ).
HosA is expressed in a diverse range of E. coli strains. Since hosA is absent from E. coli K-12 strains, we sought to determine the prevalence of hosA in a selected group of enterovirulent, uropathogenic (UPEC), and commensal E. coli strains. PCR and Southern blot analysis of these strains indicated that hosA was present in many but not all E. coli types. The data summarized in Fig. 2A and Table 2 show, for example, that while hosA is conserved in EPEC (7 of 10) and EHEC (5 of 5) strains, it was absent from UPEC (n ϭ 4) strains. To determine whether hosA was expressed, Western blot analysis was performed on cell lysates prepared from a selection of hosApositive and -negative strains identified by PCR (Fig. 2B) . In each case, strains which were positive for the hosA gene by PCR contained the HosA protein, while all those that were negative by PCR did not.
HosA does not confer hemolytic activity on E. coli MG1655. SlyA was originally identified as a transcriptional regulator by its ability to activate a cryptic E. coli K-12 hemolysin termed ClyA (15) . If HosA and SlyA are functionally equivalent, we hypothesized that HosA should be capable of activating clyA. To investigate this possibility, we transformed pII30 and pMJFA12 into E. coli MG1655. Hemoglobin release assays (Fig. 3) . These data suggest that SlyA and HosA are distinct regulators, and as such they are likely to control different promoters. HosA does not influence A/E lesion formation. Since hosA is primarily associated with pathogenic strains of E. coli, we hypothesized that HosA may have a role in the regulation of proteins that are important for the establishment of infection. Both EPEC and EHEC employ tightly regulated type III protein secretion systems to deliver effector proteins into mammalian cells. These translocated proteins direct the intimate attachment of the bacteria to the host cell surface and subvert host cell signaling pathways to induce the formation of an actin pedestal beneath the bacteria. The formation of these characteristic A/E lesions relies on the gene products encoded at a pathogenicity island termed the locus of enterocyte effacement (LEE) (4, 21) . Genetic analysis of LEE has identified the components of the type III secretion system, which are transcribed from three polycistronic operons designated LEE1, LEE2, and LEE3 (17), while the secreted effector (Esp) proteins are encoded by a fourth polycistronic operon designated LEE4 (17) .
To determine whether HosA might regulate the expression of either LEE1 or LEE4 genes, transcriptional luxCDABE reporter gene fusions containing either the LEE1 (pMFJA22) or the LEE4 (pHW100) promoter were transformed into wildtype E2348/69 and the E2348/69 hosA mutant. These fusions contained promoter sequences and at least 400 bp of upstream sequence to allow the binding of regulatory proteins. No difference in the expression of either promoter was observed (data not shown). To determine whether any regulation may be occurring at the posttranscriptional level, antibodies were raised against EspB, a type III effector protein encoded within the LEE4 operon, and were used to monitor EspB levels in the presence or absence of HosA. Secreted proteins were prepared from E2348/69, E2348/69 hosA, E2348/69(pMJFA12), and Furthermore, mutation of hosA did not affect the capacity of E2348/69 to form microcolonies or A/E lesions on an intestinal epithelial cell line (HT29) (Fig. 4B and D) . Indeed, similar clusters of A/E lesions and similar numbers of lesions within clusters were observed. HosA regulates motility in EPEC. Since flagellum-driven swimming motility may contribute to the establishment of infection, we examined the motility of the hosA mutant. On swim plates incubated at 37°C, both E2348/69 and the hosA mutant II150 were motile and able to swim to the edge of the plate within 16 h (data not shown). However, at 30°C, the absence of HosA severely reduced motility (Fig. 5A) . The hosA mutant exhibited a fourfold reduction in swimming motility after a 24-h incubation at 30°C and failed to swim at room temperature (approximately 22°C). Growth was observed around the inoculum site after 24 h, confirming cell viability. At room temperature, the parent strain, E2348/69, was able to swim but required 48 h to reach the edge of the plate (data not shown). To determine whether the motility of the hosA mutant on tryptone plates containing IPTG could be restored by a plasmid-borne copy of hosA, pMJFA21 was introduced into both the hosA mutant II150 and wild type E2348/69. Although no complementation of the mutant was observed (Fig. 5A , panels vi and vii), overexpression of hosA in the parent strain resulted in the inhibition of motility (Fig. 5A, panels iv and v) , providing further evidence of a role for HosA in modulating flagellummediated motility.
To determine whether HosA influenced motility through control of the flagellin structural gene, fliC, we constructed a fliCЈ::luxCDABE reporter gene fusion which was transformed into both E2348/69 and II150. When these strains were grown in tryptone motility broth at 30°C, there was a two to threefold decrease in fliC promoter activity in the hosA mutant, suggesting that HosA has a role in regulating fliC expression (Fig. 5B) . Immunoblot analysis of flagellin preparations also indicated (Fig. 5C ) that FliC protein levels were reduced in the hosA mutant, in agreement with the reporter gene fusion data. However, a decrease in fliCЈ::luxCDABE expression was also noted after growth in tryptone motility broth at 37°C (data not shown), even though the motility of the hosA mutant at this growth temperature was wild type.
To determine whether the decrease in fliC expression occurred via a direct interaction with the fliC promoter, the HosA protein was His tagged, overexpressed, and purified (Fig. 5D ) for use in band shift assays. Figure 5E shows that HosA is able to bind to a 494-bp fragment containing the fliC promoter and upstream sequences. The specificity of binding was confirmed, since the band shift was abolished by the addition of excess unlabeled fliC DNA but was retained in the presence of DNA fragments generated from DNA.
Examination by transmission electron microscopy of individual E2348/69 hosA mutant cells grown at 30°C revealed the presence of normal flagella on most bacteria, suggesting that HosA may influence flagellar rotation rather than flagellum formation per se (data not shown). To investigate this possibility, we employed a Hobson Tracker to examine the movement of individual E2348/69 and hosA mutant cells. This investigation included analysis of the length of continuous directed movement, the time taken for this movement, and the frequency and duration of tumbling for an individual bacte- Comparison of E2348/69 and the hosA mutant, II150, grown in LB or tryptone motility broth at 37°C revealed no obvious differences in motility. Table 3 summarizes the data obtained for the two strains grown in LB at 30°C to an OD of ϳ0.1. Again, very few obvious differences were observed in the motility of individual bacterial cells. However, microscopic examination of the cultures grown to an OD 600 of Ͼ0.2 revealed that, unlike E2348/69, the majority of the hosA mutant cells had clumped together, forming large aggregates that were no longer able to swim (data not shown). During this analysis of motility using the Hobson Tracker, it was possible to see movement of individual cells within some of the smaller clumps, which was most likely caused by flagellar movement. For example, where two or three cells clumped together, the group of cells could be seen to spin rapidly, with no directional motion. Furthermore, cells which were observed to dissociate from the aggregates and the few remaining single cells in the culture were swimming with motile parameters that did not differ from those observed in samples prepared from cultures at lower cell densities. Expression of hosA as a function of the growth environment. To investigate the expression of hosA, we constructed pMJFA18, a hosAЈ::luxCDABE reporter gene fusion. The reporter plasmid was introduced into E2348/69 and the hosA mutant II150, and light output and growth were determined over 18 h by using 96-well plates in a combined luminometer-photometer. Figure 6 shows that in E2348/69 at 37°C in LB, hosA was expressed early in the exponential phase at low cell population densities and reached a maximum around the onset of stationary phase, after which expression levels fell to about 50% of maximum. In the hosA mutant, hosA gene expression was delayed by approximately 2 h and expression failed to reach wild-type levels in stationary phase (Fig. 6A ). These data indicate that HosA is autoregulated to some extent, although the presence of a functional HosA protein is not an absolute requirement for hosA expression. To determine whether SlyA also controls the timing of hosA expression, pMJFA18 was introduced into the E2348/69 slyA mutant, II104. No detectable differences in hosA expression over the growth curve were observed when II104 and E2348/69 were compared (data not shown). Indeed, the converse was also true: the absence of HosA did not affect the expression of a slyA reporter (data not shown).
Since pathogenic E. coli strains need to survive and adapt to different environmental conditions during passage from the external environment into the host gastrointestinal tract (1, 12) , we examined the expression of hosAЈ::luxCDABE in E2348/69 and the hosA mutant, II150, as a function of pH, osmolarity, and temperature. Figure 7A shows that hosA expression in E2348/69 was influenced by pH, since maximal light output in LB was observed at a pH of 6.0. Compared with that in the parent strain, hosA expression in the hosA mutant was both delayed and reduced at pH 6.0; increasing the pH above 6.0 had little effect on hosA expression in the hosA mutant (Fig.  7B) . hosA expression in II150 was also delayed, relative to that in E2348/69 (Fig. 7C) , in LB containing a range of NaCl concentrations (Fig. 7D) , although increasing osmolarity reduced hosA expression only slightly. Figure 7E shows that hosA expression in E2348/69 was delayed at 27°C in a manner similar to that noted at 37°C for the hosA mutant (Fig. 7F) , although in the latter, hosA expression followed a similar pattern irrespective of temperature. These data indicate that the timing and level of hosA expression are influenced primarily by the presence of an intact hosA gene, by temperature, and by pH.
DISCUSSION
A major aim of this study was to resolve the confusion over the identity of the gene located at 61.5 to 61.7 min in the EPEC and EHEC chromosomes, which had been incorrectly identified as slyA (9) . It is important to acknowledge that this error was identified by Heroven and Dersch (10) and noted by Whittam (32) . However, the gene was not renamed. To avoid further confusion, we have named this gene hosA, since the data presented in this study clearly demonstrate that although HosA shares a number of the structural features associated with the SlyA protein family, HosA is antigenically and functionally distinct from SlyA. The low overall protein identity (25%) between SlyA and HosA increases to 60% over the specific region identified by comparison with the crystal structure as important for interacting with target DNA sequences and to 100% with respect to the five key amino acids making contact with the DNA. Variation in the winged-helix fold has been hypothesized to be important for recognition of different DNA target sequences. Analysis of the crystal structures of SlyA and MarR has revealed a potential binding site for a small cofactor (2, 34) . However, the nature of the cofactor is unclear but it is likely to be different for each regulator, since this region is not well conserved. It is possible that binding of a cofactor or different cofactors may lead to alterations in target recognition, thus making this family of regulators highly responsive to environmental changes.
The amino acid sequence differences between SlyA and HosA suggested that these proteins are likely to recognize different elements within target DNAs and therefore to regulate the expression of different subsets of genes. This appears to be the case in that HosA, in contrast to SlyA, is unable to activate the cryptic hemolysin in E. coli K-12 strains (Fig. 3)  (16, 22) . A consensus for the binding site (TTAGCAAGC TAA) for SlyA in Salmonella has been defined by Stapleton et al. (28) . This consensus sequence is found in both the slyA and clyA promoter regions but is absent from both the hosA and fliC promoters of E2348/69, both of which we have shown to be regulated by HosA. We have shown that the purified HosA protein is able to bind to the fliC promoter region, suggesting that HosA recognizes a sequence distinct from that recognized by SlyA (Fig. 5 ). This possibility is further highlighted by the lack of regulation of slyA by HosA or vice versa, although lux reporter gene fusion studies indicate that the expression profiles of hosA (Fig. 6 ) and slyA (unpublished data) in E2348/69 are similar throughout the growth curve.
Examination of the sequenced genomes of E. coli revealed the presence of hosA only in the pathogenic strains. Herbelin . Surprisingly, we found that while the EPEC and EHEC groups contained the highest number of hosA-positive strains, none of the EIEC strains contained hosA. Thus, HosA is unlikely to be essential for intracellular survival within host phagocytic cells. These data also suggested that hosA was not essential for bacterial growth, a finding confirmed by the ease of construction of a hosA deletion mutant. However, the link between HosA and EPEC and EHEC strains did suggest to us that HosA could be involved either in modulating virulence gene expression or in facilitating adaptation to changing environments. Using E2348/69, a well-characterized member of the EPEC group, we examined the ability of a hosA deletion mutant to form A/E lesions on the gastrointestinal cell line HT29. However, we were unable to detect any changes in the nature of the A/E lesions formed or the kinetics of A/E lesion formation. Furthermore, there were no differences in the levels of LEE1 and LEE4 operon expression when the wild type and the hosA mutant were compared. Interestingly, however, we have noted that although a slyA mutation does not affect A/E lesion formation, overexpression of SlyA in EPEC has a marked effect on A/E lesion formation, which is almost completely lost (unpublished data). This is not the case for HosA, however; overexpression of hosA had no effect on A/E lesion formation. Although flagella are important extracellular structures re- quired for swimming and swarming motility, in EPEC they have also been reported to mediate adherence to host cells (5) . The presence of HosA was discovered to be important for motility as judged by swim plate assays and was dependent on temperature. A reduction in temperature from 37 to 22°C resulted in the reduction and subsequent loss of swimming motility. This suggested that HosA functions as a positive control element in the regulation of flagellum-driven motility and may modulate gene expression in response to changes in temperature and other, as yet unidentified environmental signals. Indeed, we have shown that hosA expression is modulated by temperature, growth phase, and pH. Other members of the SlyA family of regulators have also been reported to be regulated by changes in environmental conditions. For example, Y. pseudotuberculosis rovA is expressed maximally in stationaryphase cells grown at 25°C, with significantly lower levels of expression observed at 37°C and in exponentially growing cells (20) . Furthermore, rovA expression is also influenced by osmolarity, pH, and nutrient availability. Interestingly, although common environmental signals have different effects on rovA and hosA expression, it is clear that, in common with slyA, both genes are positively autoregulated, although HosA is not an absolute requirement for hosA expression. Although swim plate assays revealed no obvious differences in motility when the wild type was compared with the hosA mutant at 37°C, the motility of the hosA mutant was reduced as the incubation temperature was lowered to 30°C or less, suggesting that HosA may directly regulate flagellar expression. However, we were unable to complement the hosA mutant with a plasmid-borne copy of the intact gene, perhaps as a consequence of our inability to match the timing and level of HosA required by using an inducible expression system. Nevertheless, mutation of hosA also resulted in reductions in fliC expression and FliC protein levels. Furthermore, EMSA band shift assays demonstrated that HosA recognized and bound directly to DNA sequences located upstream of the fliC promoter. However, electron microscopy showed that most hosA mutant cells grown at 30°C possessed flagella. Taken together, these data suggest that the inability of the hosA mutant to swim on motility agar at low temperatures is due not to a lack of functional flagella but perhaps to a change in their movement. Using a Hobson Tracker, it is possible to monitor individual bacterial cells as they pass through a field of view. This technique revealed that although single bacterial cells appeared to be capable of swimming at 30°C, the level of cellular aggregation increased as the culture cell density increased, reducing the capacity for effectual swimming. It is therefore likely that this increased cellular aggregation inhibited the migration of the hosA mutant to the edge of the swim plate. This would suggest that the surface properties of the hosA mutant are different from those of the parent when the strains are grown at 30°C. In Salmonella, SlyA regulates the expression of a number of surface proteins (28) , and thus the physicochemical properties of the cell surface are likely to be modified. Further work will be required to determine whether HosA regulates the expression of surface proteins in addition to FliC, which together may account for the cell aggregation phenotype and the temperature-dependent loss of motility observed.
In conclusion, it is clear that in EPEC, HosA is functionally distinct from SlyA; although the mechanisms by which these two related transcriptional regulators interact with DNA are likely to be similar, they clearly have different regulatory functions.
